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INITIATION OF PRESHOCKED HIGH EXPLOSIVES
PBX.9404, PBX.9502, PBX-95. 1, MONITORED WITH IN-
MATERIAL MAGNETIC GAUGING

Roberta N. Mulford, Stephen A. Sheffield, and Robert R. Alcon
Los Alamos National [ aboratory
Los Alamos, New Mexico 87545

Descaositization of explosives by preshocking is being studied using the
well-supported plane shock waves gencrated by a gas gun. Evolution of
the waves in the explosive is monitored using io-material mulliple
magoclic gauges o measure particle velocity in the Lagrangian frame,
over = 3{s of run. PBX-9404, PBX-9501, and PIX-9502 have been
studied, at presstires up to 10.5 GPa. A subsiantial extension of the run to
dewonation is observed in PBX-9404, with the run beginning
approximalely at the end of the preshocked region. A reactive wave s
observed while the preshock persists in both PBX-9404 and PBX-9501,
but evidently does not contribute tu the detonation wave or shorten the
run to delonation. F1X-9502 is inert al pressures accessible with the gas
gun, but serves (o clarify the progress of multiple shocks over the off-

INTRODUCTION

Detonation  characteristics of multiply shocked
high explusives (HE) frequently differ noticeably from
those of virgin explosive. beyond variations expected
due 10 differing initial state. A precursor snock of
sufficient  pressure  will  hinder initiation by a
subsequent shock of high pressure, ‘This phenomenon
i important 1o considerations of safety and relevant to
many applications of energetic malerials,

These studies complement pievious investigations.
Campbell and Travis! studied the overlap of (wo
shocks in detonating matenial, and developed the idea
that the run to detonation in preshocked explosive
would best be estimated by the run anticipated for the
seond shock, measumred (rom te point of coalescence
of the preshock snd the subaequent shock.  Interaction
of an cstablished detopation with a preshocked region!
yicldal 8 quuntitative  mimimum  criterion  for
desenutization.  P2-2v = 1140 (kbar, ps), dependent
on preshock pressure Poand duration T Their work
includen data from a series of Hyer plate preshock
expetiments  done by  E Ginngsd, in which
desenvitization ol impacted explosive was abscrved.

R E. SethellY used VISAR disgnostics to tack
behavior of matenals subjected o preshocking by 1amp
waves which wubsequently develop into shocks e

{ Hugoniot EOS surface and the shock dynamics of wave coalescence.

T —

ramp waves evidently gradually compress grunular
materials, without provoking reaction at a pressure of
5.1 GPa. LEven after shock formation, a considerable
dclay in transition o detonation was observed, relative
to initiation by a simple shock. Subscquent
experiments! using a scparate ramp precursor wave
showed similar desensitization behavior.

A similar study of the effect of short shocks and
preshock pulses on detonation of PRX-9501 was done
by Vorthman and Wackerle3, using in-material magunetic
gauges 0 record particle velocities. A Lagrangien
analysls code was used (o estimate the effect of the
preshock on the reaction rate.

Recent work by J. . Plotard st Voujours® shows a
marked increase of run to delonation with increasod
prestacck duration, in a material composed of TATH
and HMX in comparable quantities.

EXPERIMENTAL

Eaperiments were done on a single stage Hght gas
Run. Aninett projectile is accelemsted to impact an HE
tugel. Use of a gan gun o generate the shiwk waves
provides the distinct advantages of & well chamnctenzed
wive shape and well suppunied shiwks.  ‘Ihe (Iat
— oped pressure pulse simplifies consideration of the



time-depzodent behavior of the growth of the reactive
wWave.

Our gas gun can reach projectile velocities of up to
1.4 mm/us, corresponding to pressures of up to about
10.5 GPa in PDX materals when single crystal
sapphire impactors arc used. Velocities are repeatable
to 0.02 mm/ps. This maximum pressure is insufficient
to cause inilation of PBX-9502 within an observable
time, but will cause rapid growth to detonation in PBX-
9404 or PBX-9501. Experiments have been perforrned
on PBX-9502, 10 provide exactly quaatifiable data oo
an effectively inert sample of PBX matental, and on
PBX-9404 and PBX-9501 to study initiation behavior
under preshock conditions.

Use of embedded magnetic gauges provides
unique measurements in the I.agrangian frame of the
time evolution of the shocks, for a duration up o Ips.
Use of multiple gauges give independent measurements
of particle velocity wp. shock veloily U, and, from
impulse records, an estimate of the final suress. The
precision of the gauges is about | to 2%.

The gauge puackage may consist of 3 nested
panticle velocity gauges and five impulse gauges (MIV
gauge), mranged lo record at well detemmined time
intervals, or it may consist of ten particle velocity
gauges (mulliple magnetic gauge), 10 more closely
monitor the time evolution of waves progressing
through th= material.  Stirup gauges are also used, to
record luput waves. The cxperimental sclup is shown

in figure 1.
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PFERIMENLS

Curreot preshock experimenl. are dooe with a
composile impaclor. The stepped waves are generted
using a thin (0.6 1o 1.2 mm) piece of Kel-F or
plexiglass on the froat of a high impedence impactor.
This experimental design allows accurale manipulation
of lime and pressure parameters, and gencrales
reproducible flat-lopped waves. Impedances of Kel-F
and Vistal? are such that the first shock is about half of
the stress of the second shock.

This projectile impacts onto a precisely machined
flat explosive cylinder, into which the gauge package
has been embedded at a 30° angle. Waves generated
we one-dimensional for about 4 Hs. Signal recording ls
timed with redundaot shorting pins, and velocitly
mecasured with an independent set of pins  set
perpendicular to the path of the projectile.

Experimental wave velocities are obtained by
plotting gauge responses against the known gauge
positions for the particle velocity gauvges. Data are
compared wilh pressures and particle  velociles
cstimated using the MACRAMLS code, employing a
Gamma-law equation of state (EOS) for each material.

RESULTS

Two experiments have beco done with PIVX 9404,
and one with PIX-9501 10 observe delayed detonation.
In each of these experunents reaction after the second
stk was observed.  Four experiments have been
completed on PBX 9502, which Is basically an inen
material vnder conditioos achievable with our gun.
Calculated pressures and mieasured particle velocities
and wave velocities are tabulated in Table 1.

PRX-9502

Since PHX 9502 bechaves as an incrt materinl at
presaures below  10.5 GPa (whew observed for only a
few ps), it provides a convenient test of the technique
and of materlal response 10 muliple shocks,  Hor
pecursor shocks, the data supplements the mensured
low pressure points on the pronciple Hugoniot, while in
the subscquent shock,  points on the second sho k
Hugoniot of PHX 9502 relative 10 the initial shock are
measured, giving new datw on the P'RX 9502 EOS.
Although coalescence time falle conaistently Inter than
aalcolated from the principal Hugoniot, measured
painta on the secend Thagonior ate very dlose 1o the
principal Hogoniot within the experimental enor of

)

wevionns?  (plane  wave lens) measmermeuts in the
I |

region studied
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Eapenments have focused on the region of the
PBX 9502 Hugoniot which appears 1o show a
discontinuity st approximately 7.5 GPa?. According
cxtant data.? this cusp should be (0o small o0 be
resolved in a single shock experiment. While single-
wave experiments in FBX-9502 do not yield a two-
wave struclure io crossing this discontinuity, the
steeper Rayleigh line of the second shock in & two
shock experiment is imore likely to be intertupted by
this sadl cusp, generating (wo waves in the second
shock, defining the location of this discoatinuity. A
front impactor made of Kel F. 2 near impedance match
10 PRX-9502, eliminates the third reverberation in the

gauge records, allowing a scarch for & two wave
shiucture 1o the second  shock. Data from one
cxperiment awe shown in fagure 2,
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In four experiments done at different pressures in
I'BX-9502, no twu-weve stuclure has been observed.
Possible reasons for the lack of an observable wave are
that the cusp may be too small, the pressure pairs may
bracket the exact region o widely, or the process
responsible for he cusp may be slow oo the timescale
of the shock propagation. A continving seriea of
experimenils is investigaling this region in small
pressure increments, o locate exacly and characlerize
this upparent dieccontinuily and try to determine if it is
due 1o a phase t- wsitior or other phenomenon,

Adequate data on the single wave wrising after
coalescence of the preshock and second shock allows
the velocity of this wave to e measured. As eapecied,
the velocity is dereasea from that of the second shock.
Laumination of the coalescence in the x t plane
indicates that a small rarefaction should be propagated
back into the doubly shoca=d region to sccommodate
this state change. Estimation of the location of the
wcond Hugantol relative to the principal Hugomot in
the P u, plane will predict the magnitude of the
tarcloction wave. The MACRAME cade gives a value
of 018 Gl's or 2.7% for the presture change.  This
small wave is not resolved in the cunent data

Hugoniot points measuied in these expetimenty are
plotted in Figure 3, showing that the second Hugonton
o very close 1o the principat Hugoniot for PRX 94507 at
theae and that the
unhkely o be larger than the yesolution of the data

pressres, sl parefation s
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FIGURE 3. HUGONIOT DATA FOR PRX 9502.

PvX-9404

Initiation
canditions has

of

PRX

9404

under

preshocked

beeo obscived in detall, with the

development of the reactive wave monitored at ten or
more positions as the reaction progressed. Gauge
records of the mput shocks (precursor shock 2.3 Gita
and  sccond shock 5.6 Gl'a), and emerging reactive
waves in PBX 9404 are shown in Figure 4.
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I'TGUR]T 4 PARTICLE VELOCITY RECORDS

FROM PIX 9404 PRI CURSOR SHOCK ¢X1PT

Pesensitization v clearly ev dentin the 2404, wih
the run o detonation shiowing an indcac ot 2 /0%
over that cxpected from the pop plol, measinng, fion
the arnval of the second shock g e prexbocked
material) oo where detonation war chaerved 1o ooy

Onvet of detonabien iwapprotvimated by the overtake of

the shock by the reactive wave, giving a slightly early
value. At this point the wave velocity is estimated to
be 7.3mm/us (from the last (wo gauges) approaching
the velocity of 8.1 mm/ps for PBX 9404, Pressure in
this wave is estimated from the particle velocity 10 be
about 15 GPa, well below the C-J pressure of 36 GPa.
Nonetheless, detoontion is delayed relative to the run
anlicipated from the pop plot for PBX.9404,10 ag
shown in Figure S.
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FIGURE S, POP PLOT [FOR PBX 9404,

Mecaviring from the coalescence of the second
shock with the precursor also yiclds a slightly longer
tun than anticipated from the pop plot. The observed
iun is ebout 3% Jooger than the aaticipated run,
measunng only the region afier conlescence of the two
waves, giving nearly the behavior anticipated fiom the
Canmpb=1land Travis rule for the modified pop plot.

This slight extension may be expliined by the
shotke interaction that takes place at the oveirtuke of the
preshock by the second stkek. Shoek  dynamics
icquites a pressure treduction which is achieved by a
small rarefaction wave taveliag back into the doubly
Although, s in the I'BX 9502, the
snall rarefadtion s not observed directly, ity passage in

shocked region.

mdicated by the reaclive waves, appearing us
reduction i thein veloaaly wndd a drop in their maxiium
pacticle velodity 11 A contaat discoutinu’ty separatcs
the doubly shovkad, low temperwture acpien hom the

sinply shiocked matenal at higher temperatin e,

Ihe veahive wavis which aie dealy emerging
bhetind e second shack ay ot cavely thiough the

preshocked repion evidently do not contlaute at all e



the development of the reaclive wave afler wave
coalescence.

Overtake of the precursor by the second shock is
considerably earlier (than calculated by the MACRAME
code. Acceleration of the second wave by reaction is a
possiblc reason for ecarly overtake. Another possibility
is that the EOS used io MACRAME is not doing a very
good job of calculating the off-llugoniot slates.

PBX-9501

I.imited data obtained for PBX-9501 are shown in
Figure 6. PBX-9501 differs from PDX-9404 primarily
in the choice of energetic binders. Bolh malenials have
HMX as the principal constituent (PRX 9404 has 94%
and PBX 9501 has 95%). PBX-9404 uses u muxture of
pirocellulose(3%) and chloraethyl phosphate (CLF)
(3.9%) as the binder, with a blue indicator, dipheayl
amive (DPA)O.1%).1¢ PBX 9501 includes a mixture
ol estane (2.0%) and a cuteclic constisting of his(2,2-
dimtropropyl-acetal (BDNPA) and -formal (BDNPE)
(2.5%) as the biader. !9 Tl process of manufaciure is
very similar for both matesials}®  The relative
vensilivities of the two binders differ somcewhat, as do
the shock impedauces of the different binders relative
to the HIMX. The rheologies!? of the two plattics are
belicved 1o be a mujor fuctor in the very different skid
iesponses of  PBX-04  and PDX-9501,1012 aud
provide a convenient vanable tclated 10 hotspot
behavior in preshock «onditions
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An inleresting fcaturc of the several experiments
dooe on PBX-9501, both single shock and double
shock, is & set of small steps visible oo the shock rise,
and the long nisctime consistenly obscrved in ths
material.  Risetimes of 35 o©s in single shock
experiments exceed risetimes usually seca, for example
15 os in 9502 and 15-20 ns in 9404.  Slight
perturbations are scen in the shock rises, at paricle
velocities of 0.21 and 0.31 mun/ps. In the two-shock
experiment, the first shock exhibils comparable cusps
al particle velocities of 0.28 and 0.33 mo/ps, giving
total risclimes of beiween 52 and 110 ns. These small
penurbations are showao in Figure 6.

Elastic response may be responsible for these
waves, although these perturbations are at much higher
pressures thap the expected yield of the binder in PBX-
9501, about 0.65 GPa.!? Elastic waves generally have
a higher wave velocily than the plastic wave, and
cousequendy appear as a Jawger perturbation with
increasing run distance, as do these perturbations io
PRX-9501.

A reactive wave is clearly present in matenial
which has been preshocked, as is cvident in Figure §.
As was observed in PIX-9404,11 the reactive wave is
not accelerating, and neither is its particle velocity
mcreasing. ‘The small rarefaction has already traversed
the region of the material in which this reactive wave is
present,

DISCUSSION

The small  racfaction  gencrated sl wave
coalescence, while not obscerved in the PBIX-9502
cxperiments, appaently has a real ettect! ! on reactive
witves in PHX 9404 and PIIX 9501, The » t diagrams
showing reactive waves wre shown in Figures 7 and 8
Alter thie secand shock arrives, reactive waves crierge
in the doubly shocked material, which is at a low
lemperature for the  given  pressuce. When  they
cncovnter the  mnall raefaction, (heir growth s
hindered, or cven, in the PUX . 950)1 case, reversed
After wave coalescence with ity accompanying contact
discentinuity, the joatenal is at a high temperature,
with  the shock wnning  into materinl  at nonmal
porosity. In this region, a icactive wave develops
which vlumalely grows 1o detonation. This wave iy
prohably uniclated 10 the wave i the preshocked
repon, snce i growth to detonadion is nol accelerated
by the preexaishing reactive wave
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[he small rarefaction and the contact discontinuty
alfect the bulk thermmodypamic Mate of the material,
rather than governing the reachion at hot spots Only
bomogencaus mtiation of detanation iesponds to bulk
theimadynamie state, while heterogencous initiation of
detonation s largely sensitive to hot spots genctated in
the flow

A bomogencous eaction mechanisme has Iwen

sigpested  as active in doubly  shaked  maderial,

becaise the deasity of the preshocked ratenal v o
high (21 pZamY m tluy cased, with praosity lapely
removed charaiter  an

Helerageneous never

ohlhiteratad, because of the shock el e msmatch

between the binder and the HMX. Consequently
holspots will exist at any pressure in the plastic bonded
material. The reactive waves throughout the
experiment exhibit the profile of heterogeneous
initialion, i.e., smooth growth bLehind the front.
However, the growth is much slower thaa would be the
case for a single-wave experiment.

While the reaclive waves obscrved here rescmble
normal heterogencous waves scen in single shock case,
scveral faclors suggest a homogencous component
aclive in the reactive waves observed in the preshocked
region, in the doubly shocked material. The density of
the preshocked material is high, so a very long run
distance!d is anticipaled when compared 10 a
helerugencous detonation in a material at this porosity.

The velocity of the reactive wave is almost the
same as that of the second shock in PBX-9404. In
PBX-9501, the reactive wave acwally decclerales
rclative to the second shock. The x-t planes shown in
Yigures 7 and 8 show the evolution of the reaclive
vive, wilh little acceleration until & wave is well
c:tablished in the singly shocked region. The particle
velocity at the shock amival [ront pever increases,
stongly atypical of a helerogeneous mechanism,
although the wave lacks the very localized profile and
otherwise constant particle velocity seen in the classic
homogencous case. 14

Homogencous  detonations may best  be
characterized by their extreme state-sensitivity. 14 ‘The
pressure drop in this rarefaction, from 5.60 to 5.54
GPa, corresponds 10 a drop of 20 K o less in the bulk
temperature. A howogencous wave is mure likely 1o
exhibit this exticmne stae scnsilivity than one with
substantial hetcrogencous chaiadtor,

A homogencuus reactive wave is unlikely to
contnibute W the heterogeneous detonaton aller wave
coalescence, hecause the lwo processes proceed in
ditfcreat 1cgions in the material. The a2 t diagram and
the long run w detonation from walescence both
wpgest the non interaction between the teactive wave
in the preshocked iegion and that in the ungly shocked
imnatcrial

Ihe nsual mudel for preshack desensitization o
'HX matenials aelies an hotspet semoval.  The 1t
wea of Campbell and Travis suggests a time constant
tor hotspot temoval, Sources of such 4 e constant
may o hade compuession tune, tme aequited o
vonhiag ol the betopots, ar some kind of reachion o

jrercac ion tiyne.



Shork traversal of hotspots with accompanying
local sh s expecled (o occur on a limescale orders of
magoitude faster!3 than the ps Umescale applicable in
this case. Lee and Tarver!® give a rate of 44 us@. ora
lime conslant of 20 ns for ignition a hotspots.” R. B.
Frey!? gives a time of 35 nsec for full temperalure rise
and voset of ignition in shear bands at a pressure of
1.03 GPa,

Material rheolugy. particularly binder rheology.
may enlail response lunes on the order of 1 ps. The
consistent valee of T between explosives argues agaiost
the importance of microscopic malerial mechanical
properties.  Our data indicales differences in the
behaviors of PBX-9404 and PBX-9501, with the PBX-
9501 showing substuntially less reaction in the
presiocked region. This may argue for the effect of the
binder or other microscopic properties.  Viscous
collapse times on the order of .5 10 | us have been
calculated theoretically 1819 for hotspots. ‘These times
are for complete compression, rather than the shear
discussed above.

Thermal  conduction s
dependant behavior of hotspots.  Hot spots result in
local heating as opposed 1o bulk heating. Hot spot
size, material hermal conduclivity and the thermal
differential between the hotsputs and the bulk should
be the governing factors in repulating the cooling of
these hot spois.

important  io  time-

Hotspot couling should be about the same for both
PRX-9404 and PHX-9502, since the major component,
HMX, governs the thermal conductivity.  Differcnces
seen between PRX-9404 and PPRX-9501 argue that
bulk thermal conductivity Yeading to hot spot cooling is
nat  the only factor  goveining  the  preshock
desensitization, although allowances must be made for
the different densiies and grain sizey, hence different
hatspot sizes and holspot densities in the samples used.

Suain rate is 1clated o both the compression lime
fro the batspots and this theomal conduction angument,
since adhabatic compie. sion keeps heating local, while
nonadiahatic compicssion allows dissipation of theimal
cncigy dunng compiession  Inoa shock, energy will
temain localized avthe bulk naterial teaches ity final
pressine and  temperature,  allowing  aeliable o al
Nonadiehatic
tompression permity compresson with lower hoal

rmibion and sapid reactions i hotspaots

temperature, (as well as bulk temperature) modifyig
hotspot eacion tates without  mampulating other
varables I oand Vo Thuy loahog rale allows some
separation ol hotspot. behavior i bulk hehavior,

Varying strain tale can open up a channel for

manipulation of hotspot behavior and temperalure at tre
same bulk pressure and densily.

Comparison of PBX-9404 and PDX-9501 data
may provide a test of local cooling, because of the
different rheology of the binders in the (wo malcrials,
A long riselime for the first shock in PBX-9501 may be
relalcd o the malleability of the eslane binder,!! and
modify the input wave enough to provide information
on reaclive behavior as a function of strain rate.

Experiments using ramp wave inpuls will extend
previous work and further illuminate the importance of
maintaining l.cal temperature during compression.

Prereaction inside hotspots during pieshocking
may be a factor in deactivating the hotspols without
removiog or compressing  them completely.
Prercaction is supposed to deaclivate hotspots either by
aliering the chemisty of the local malerial, or by
increasing the internal pressure sufficiently lo make the
hotspot vuid incompressible, preventing local shear or
“crushup™ and transfer of energy from subsequent
shocks to the matenial. Reaction in the preshock is nol
visible in our expcriments. Since increasing the
pressure inside hotspots is a constant volume process,
our particle velocily gauging will not indicate any
activily if this process is active. Extending the run of
the preshock (increasing "1°) may reveal reaction and
matcrial acceleration during preshocking.

A rcaclive model developed by Pier Tang?0
reprodduces the data and indicales nearly no reaction in
the first wave. suggesiing descnsitization  via
mechanical changes during compression or temperature
clfects, rather than desensitization by partial chemical
reaclion,

SUMMARY

Desensitization may be due to bulk thermal effects
or 1o hot spot phegomena, specifically, pore collapse,
temperature differences, and changes due 1o chemical
1eaction behind the first wave.

A pressure drop is tequired by the abock dynamics
of wave cualescence i the two shock expeniment.
This pressuie diop as not visible 10 PIX 92502 1econds,
hut may nonctheless be ievulting in the extended 1un
observed i PRX HO4 alter corlescence of two waves
A rcactive wave Ia cmeging in the preshocked
matenal, bhut apparently Jdoes not contiibute 1o the
detonation, ax indicated by an extended inther than

muncated run after coaleweence,  This Tt and  the
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seasitivity of this reaclive wave (0 local coonditions
argue for some homogeneous character.

Canipbell and Travis! indicate that deseasitization
increases with increasing iime between the first and
second shocks, allowing more time for pore collapse,
an idca supported in work done by R.E. Selchel], 3
However. Andreev et al2! indicate that material is
more seosilive when Lhe fist wave creates more
heterogencities. We intend to further irvestigale
separation of these mechanical and thermodynamic
paramelers by exlending the work to include further
comparison of PBX-9404 and PBX-9501, cxamination
of a homogencous detonating material  with and
without incompressible hot spots, and obuining good
estimates of relative temperatures in the single and
double shock cases.
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